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Abstract

Bald eagles (Haliaeetus leucocephalus) are recovering from severe population de-
clines, and are exerting pressure on food resources in some areas. Thousands of
bald eagles overwinter near Puget Sound, primarily to feed on chum salmon (On-
corhynchus keta) carcasses. We used modeling techniques to examine how antici-
pated climate changes will affect energetic demands of overwintering bald eagles.
We applied a regional downscaling method to two global climate change models to
obtain hourly temperature, precipitation, wind, and longwave radiation estimates
at the mouths of three Puget Sound tributaries (the Skagit, Hamma Hamma, and
Nisqually rivers) in two decades, the 1970s and the 2050s. Climate data were used
to drive bald eagle bioenergetics models from December to February for each river,
year, and decade. Bald eagle bioenergetics were insensitive to climate change: despite
warmer winters in the 2050s, particularly near the Nisqually River, bald eagle food
requirements declined only slightly (<1%). However, the warming climate caused
salmon carcasses to decompose more rapidly, resulting in 11% to 14% less annual
carcass biomass available to eagles in the 2050s. That estimate is likely conserva-
tive, as it does not account for decreased availability of carcasses due to anticipated
increases in winter stream flow. Future climate-driven declines in winter food avail-
ability, coupled with a growing bald eagle population, may force eagles to seek
alternate prey in the Puget Sound area or in more remote ecosystems.

Introduction

Bald eagle (Haliaeetus leucocephalus) populations, once dec-
imated by stressors such as hunting, prey declines, predator
control, habitat loss, and chemicals such as DDT, have largely
recovered in the continental United States (USFWS 2007).
This recovery follows a broad range of protective actions,
and led to bald eagles being removed from the U.S. Endan-
gered Species List in 2007. Though this recovery is clearly a
conservation success story, growing numbers of bald eagles
present challenges to natural resource management because
bald eagles are large, mobile, endothermic animals with high
metabolic demands (Stalmaster and Gessaman 1984) and di-
verse, opportunistic dietary habits (e.g., Stinson et al. 2007;
Anthony et al. 2008). Bald eagles are top predators capa-
ble of depleting populations of seabirds (Parrish et al. 2001;

Hayward et al. 2010), terrestrial mammals (Newsome et al.
2010, 2011; but see Hudgens et al. 2011), and possibly other
prey resources.

In Washington State, resident bald eagle numbers have in-
creased dramatically. Stinson et al. (2007) reported a roughly
700% increase in the nesting population from 1981 to 2005,
a population growth rate of 9% annually. Washington’s bald
eagle population grows two- to threefold during the winter
months when birds from Canada, Alaska, and elsewhere in
the western continental United States migrate to habitats in
Washington (Stinson et al. 2007). In the Puget Sound region
(Fig. 1), postspawned salmon carcasses, particularly chum
salmon (Oncorhynchus keta), are major food sources during
the overwintering period (Servheen 1975; Hunt et al. 1992;
Dunwiddie and Kuntz 2001). Bald eagle numbers in Wash-
ington are expected to increase further in the coming decade
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Figure 1. Map of Puget Sound. Study sites are: (1) Skagit River, (2) Hamma Hamma River, and (3) Nisqually River.

(Stinson et al. 2007), placing additional demands on food
resources.

Climate change in the Puget Sound region may alter en-
ergy requirements and food availability for overwintering

eagles. For example, long-term climate change may affect air
temperatures, wind velocity, cloud cover, and precipitation
(Salathé et al. 2010), all of which influence bald eagle energy
demands (Stalmaster and Gessaman 1984). Changes in river
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temperatures and flows may affect the abundance and acces-
sibility of salmon carcasses (Glock et al. 1980; Stalmaster and
Gessaman 1984; Hunt et al. 1992), which overwintering eagles
feed upon. Such interactions may vary spatially, because dif-
ferent watersheds will likely have different numbers of eagles,
salmon carcasses, and alternate prey. Also, regional climate
change models predict substantial site-to-site variability in
future air temperatures, precipitation, cloud cover, and wind
speeds due to local factors such as topography, snow cover,
and land–water contrasts (Salathé et al. 2010). Because bald
eagles are mobile and opportunistic predators, poor over-
winter feeding conditions in one area may lead them to seek
alternate prey or move to other areas where feeding condi-
tions are more favorable.

Here, we model the potential influence of climate change
on feeding rates of overwintering bald eagles in three geo-
graphically distinct river basins of the Puget Sound region.
For each basin, we compare estimates of eagle feeding un-
der climate conditions from the past (1970s) and the pro-
jected future (2050s). We also estimate the rates at which
salmon carcasses in each watershed break down under tem-
peratures from the 1970s and 2050s, to determine the ex-
tent to which long-term climate variability will affect bald
eagle food availability. We hypothesized that higher temper-
atures in the 2050s would lower the metabolic demands of
overwintering eagles; that higher temperatures would also
cause more rapid decomposition of salmon carcasses, reduc-
ing food availability; and that changes would differ by wa-
tershed due to local climate differences. Our approach, while
theoretical, is intended to inform research and monitoring of
bald eagle foraging ecology and behavior in relation to climate
conditions, salmon abundance, and other prey populations
in both nearby and remote ecosystems used by eagles.

Methods

Climate simulations

We used two regional climate simulations described by
Salathé et al. (2010) to generate estimates for past (1970s) and
future (2050s) states of climate conditions near the mouths
of three rivers emptying into Puget Sound (Fig. 1). The sim-
ulations use the Weather Research and Forecasting (WRF)
model, developed by the National Center for Atmospheric
Research (NCAR). The WRF model in turn was forced by
two global climate models: the NCAR Community Climate
System Model, version 3 (CCSM3); and the Max Planck Insti-
tute, Hamburg, global climate model (ECHAM5/MPI-OM)
(Roeckner et al. 1999, 2003; Marsland et al. 2003). Based
on comparisons with a set of 19 global models, Mote and
Salathé (2010) showed that both CCSM3 and ECHAM5
provide realistic simulations of the 20th century climate.
Compared to the multimodel average for the Pacific North-
west, ECHAM5 projects a low temperature increase and a

high precipitation increase while CCSM3 projects a relatively
warmer and drier future. The WRF model is a state-of-the-art
mesoscale numerical weather prediction system designed to
serve both operational forecasting and atmospheric research
needs (http://www.wrf-model.org). This model has been de-
veloped and used extensively in recent years for regional cli-
mate simulation (Leung et al. 2006). WRF is a nonhydrostatic
model with multiple choices for physical parameterizations
suitable for applications across scales ranging from meters to
thousands of kilometers. The physics package includes mi-
crophysics, convective parameterization, planetary boundary
layer, land surface models, and longwave and shortwave radi-
ation. Details on model implementation for the present study
are available in Salathé et al. (2010).

Both WRF simulations were run for 100 years (year
1 = 1970), and climate outputs were generated at 36-km
grids (ECHAM5-WRF) or 20-km grids (CCSM3-WRF). Each
model generated hourly estimates of the following variables
of interest: air temperature at 2-m altitude, wind speed at 10-
m altitude, total hourly precipitation, and downward long-
wave radiative flux. We compiled outputs for the months of
December, January, and February, the months during which
overwintering bald eagles are most abundant in the Puget
Sound area (Stalmaster and Gessaman 1984; Stinson et al.
2007), for the decade of the 1970s and the decade of the
2050s. The outputs we compiled were specific to grid cells
that centered nearest to the mouths of three Puget Sound
tributaries: the Skagit, Hamma Hamma and Nisqually rivers
(Fig. 1). These rivers were chosen because they are located in
distinct subbasins of Puget Sound, and thus experience differ-
ent local climate conditions; and because each supports large
runs of late fall or winter chum salmon (spawning between
late November and early March1).

Bioenergetics modeling

Bald eagle winter feeding requirements were estimated using
a bald eagle bioenergetics model developed by Stalmaster and
Gessaman (1984). The model is a thermodynamic budget of
energy gains (by consumption) and losses (due to respiration,
waste production, and heat loss), which change as functions
of body mass, activity level, and environmental variables such
as temperature, precipitation, wind, and longwave radiation
(related to cloud cover). All model functions, parameters, and
parameter derivations are described in Stalmaster (1981) and
Stalmaster and Gessaman (1984); for this paper, the function
of interest is the core equation for daily food consumption

1 Based on data from the 2002 Washington Department of Fish
and Wildlife Salmonid Stock Inventory (SaSI); http://wdfw/wa/
gov/conservation/fisheries/sasi/
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(C, g·bird–1·day–1):

C = FGB(WMI + [(Mday − SMRactive)/WME])

+ FP(WMI + [(Mday − SMRactive)/WME])

+ FR(WMI + [(Mnight − SMRrest)/WME])

+ FAF(12.5 · B M R/WME) + FPF(3.5 · B M R/WME)
(1)

where F is the fraction of daily time spent feeding or wait-
ing on gravel bars (FGB), daytime perching (FP), night-
time roosting (FR), in active flight (FAF), or in passive
flight (FPF); WMI = wet matter intake (g·kg–1·day–1);
M = metabolic heat production (kJ·kg–1·day–1) during day-
time (Mday) or nighttime (Mnight) hours; SMR = standard
metabolic rate (kJ·kg–1·day–1) when active (SMRactive) or
resting (SMRrest); WME = diet energy density (kJ·kg–1);
BMR = basal metabolic rate (kJ·kg–1·day–1), and 12.5 and
3.5 are metabolic rate multipliers for flapping and gliding
flight, respectively. The terms Mday, Mnight, SMRactive, and
SMRrest represent functions influenced by temperature, and
Mday and Mnight are also influenced by wind speed, precipi-
tation rate, and net longwave radiative exchange between the
eagle and its environment (Stalmaster and Gessaman 1984).

We used the model to estimate daily food consumption
from December to February for each year of each time pe-
riod. In the manner of Stalmaster and Gessaman (1984), our
model simulates consumption rates of a 4.5-kg adult eagle,
feeding on chum salmon carcasses (WME = 3.764 kJ·kg–1)
and consuming enough each day to maintain constant mass.
Simulations were run at daily time steps and driven by inputs
of daily average air temperature, daily average wind velocity,
total daily precipitation, and daily average longwave radia-
tion. In total, 120 simulations were run (two regional climate
models, three rivers, two decades, 10 years per decade). Be-
cause the Stalmaster and Gessaman (1984) model discretely
models diurnal and nocturnal eagle metabolism and activity
levels, we weighted the daily average temperatures, winds,

and longwave radiation by the total hours of light and dark
each day.

As noted above, our models follow the assumption that
chum salmon carcasses are the only food consumed during
the winter months. This is certainly an oversimplification.
Although salmon carcasses are likely the major winter food
source for bald eagles in the Puget Sound area, due to their
nutritional value and relative ease of procurement, eagles
will emigrate or switch from scavenging to predation when
salmon carcasses become limiting (Hunt et al. 1992; Stinson
et al. 2007). Our focus on carcass consumption allows us to
compare conditions in different decades and river basins to
determine when and where such limitation is most likely;
this, in turn, would indicate when bald eagles are most likely
to affect other species (through switching from scavenging to
predation) or systems (through relocation to better foraging
habitats).

Carcass decomposition rates

Stalmaster and Gessaman (1984) described temporal decom-
position of chum salmon carcasses that were either sub-
merged or out of the water. Carcasses declined in both mass
and nutritional quality through time, and temperature ap-
peared to positively influence the rate of decomposition, al-
though they did not present enough temperature and de-
composition rate data to define a relationship. We examined
several published studies of salmonid carcass decomposition
in or near stream habitats (Table 1), and from each study we
compiled or derived estimates of the daily rate of decompo-
sition, –k:

−k = ln(Wt) − ln(W0)

t
(2)

where W is salmon dry weight at time 0 or time t , and t
is elapsed time in days. We then estimated the statistical re-
lationship between –k and temperatures from the studies.
Because the studies differed considerably in terms of initial

Table 1. Temperature-specific rates of decomposition (k) of carcasses of chum salmon (Oncorhynchus keta), rainbow trout (O. mykiss), and pink
salmon (O. gorbuscha). Values of k were derived from equation (2). Carcass decomposition occurred either in air or under water, with minimal
exclusion of scavenging invertebrates.

Species Temperature (◦C) k Exposure Source

Chum salmon −0.5 −0.0018 Air Stalmaster & Gessaman 1984
Rainbow trout 4.2 −0.0155 Water Minshall et al. 1991
Chum salmon 4.3 −0.0314 Air Stalmaster & Gessaman 1984
Rainbow trout 4.4 −0.0210 Water Fenoglio et al. 2010
Chum salmon 8.0 −0.0236 Water Stalmaster & Gessaman 1984
Chum salmon 8.0 −0.0358 Water Stalmaster & Gessaman 1984
Rainbow trout 8.6 −0.0479 Water Minshall et al. 1991
Pink salmon 9.5 −0.0330 Water Chaloner et al. 2002
Rainbow trout 16.0 −0.0570 Water Fenoglio et al. 2005
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carcass size, temperature, location, and the assemblage of
scavengers present, the relationship between –k and temper-
ature should only be regarded as representative of the process
of carcass decomposition and not necessarily accurate for
chum salmon carcasses in Puget Sound.

We next estimated biomass of a hypothetical run of chum
salmon over the December–February period. All salmon runs
were comprised of ∼41,000 individuals; each weighed 3.652
kg, of which 16% was assumed to be dry matter at the time
of death (Stalmaster and Gessaman 1984). The first salmon
entered the stream on December 1 and the run proceeded for
10 weeks; entry was normally distributed. The run size and
phenology was patterned after a carefully monitored chum
salmon population, the one that returns to Kennedy Creek,
a Puget Sound tributary near the Nisqually basin (Washing-
ton Department of Fish and Wildlife, unpubl. data2). We
assumed a life span of 10 days on the spawning grounds
(Salo 1991), after which salmon died and entered the car-
cass pool. Decomposition of individuals was calculated daily,
using the relationship between temperature and –k, based
on the daily average air temperatures for each river, year,
and climate model. That is, we specifically estimated decom-
position of carcasses pulled out of the water by eagles for
consumption. Total dry biomass of carcasses was summed
each day until February 28, after which eagles were assumed
to leave the area, consistent with the bioenergetics model
exercises.

Statistics

To determine if any differences in climate variables or bald ea-
gle consumption rates were statistically significant, we used
analysis of variance (ANOVA). For climate model outputs,
we first averaged data from each winter simulation on a
monthly basis so that we might more clearly distinguish
long-term signals (climate) from highly correlated daily vari-
ability (weather). Monthly mean precipitation values were
square root transformed to meet assumptions of normality
(Kolmogorov–Smirnov test, n = 360, P-value = 0.417). We
used ANOVA to test the hypothesis that climate variables var-
ied by decade, month, climate model (all fixed effects), and
site (random effect), and examined pairwise comparisons
with Bonferroni post-hoc tests (used due to small sample
sizes of 10 winters per decade). For bald eagle bioenergetics
estimates, we pooled model outputs by month and calculated
the average daily kilojoules of energy consumed in each sim-
ulation. We again used ANOVA to test the hypothesis that
consumption varied by decade, month, climate model (fixed
effects), and site (random effect), and used Bonferroni tests
for post-hoc pairwise comparisons.

2 See details at http://wdfw.wa.gov/fishing/salmon/chum/viewing/
kennedy crk.html.

Results

Climate change projections

According to regional climate models, air temperatures at
all sites were projected to increase between the 1970s and
the 2050s (Fig. 2 and Table 2). That was particularly true in
January and February, as indicated by interaction effects in
the ANOVA (decade × month interactions; both Bonferroni
P-values < 0.001). The extremes (5th and 95th percentiles)
were also warmer in the 2050s than the 1970s in nearly all
cases (Fig. 2). Air temperatures for the Nisqually River gen-
erally were the warmest and for Hamma Hamma were the
coldest (Fig. 2; ANOVA, Bonferroni P-values < 0.001). Also,
site-specific temperature outputs from the CCSM3 model
were significantly warmer than the ECHAM5 model, often
by several degrees and particularly in January and February
(Fig. 2 and Table 2; Bonferroni P-values < 0.001). This indi-
cates that the ECHAM5 model has a greater “cold bias” than
the CCSM3 model, despite the fact that both models tracked
observed regional temperatures (1970–1999) quite well (see
details in Salathé et al. 2010, their Fig. 1).

Predicted changes in precipitation from the 1970s to the
2050s were inconsistent (Fig. 3). That is, precipitation did
not uniformly increase, decrease, or remain relatively sta-
ble across sites, months, or models. There was no statistical
difference in mean monthly precipitation from the 1970s to
the 2050s (ANOVA, Table 2), and a mildly significant dif-
ference by month (no pairwise differences; Bonferroni P-
values > 0.2). Precipitation did vary by site (significantly
lower in the Nisqually; Bonferroni P-values ≤ 0.001) and
model (significantly lower in ECHAM5). The most notable
difference was in the outputs of the two climate models for the
Hamma Hamma site, where the ECHAM5 model predicted
lower precipitation rates and variability than did the CCSM3
model (Fig. 3c–d; Bonferroni P-value < 0.001). It is worth
noting that these estimates are intended to represent winter
precipitation falling in the spatial grid cells near the three
river mouths, but are not necessarily indicative of winter pre-
cipitation at the scale of the three rivers’ entire watersheds;
that is, the projected river levels and discharge rates may not
be directly related to the precipitation estimates shown in
Figure 3.

For the sake of brevity, we report here only that downward
longwave radiative fluxes are projected to increase mildly at
all sites in the 2050s relative to the 1970s, particularly during
February (data not shown). This implies slightly less winter
cloud cover in the 2050s. Wind speeds showed no significant
changes from the 1970s to the 2050s, regardless of month,
climate model, or site (data not shown, again for brevity).

Bald eagle bioenergetics

Bald eagles that overwinter in the three catchments will ex-
perience little change in energy requirements as a result of

c© 2012 The Authors. Published by Blackwell Publishing Ltd. 505
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Figure 2. Mean daily air temperatures by site, model, and decade. Plots indicate median (central solid line), grand mean (central dashed line), 25th
and 75th percentiles (boxes), 10th and 90th percentiles (whiskers), and 5th and 95th percentiles (solid circles).

climate change, according to bioenergetics models. As ex-
pected, the warmer, drier conditions of the 2050s lowered
daily energy requirements relative to the 1970s (ANOVA, Ta-
ble 3), but the decreases were small, regardless of catchment

or climate model (Fig. 4). When daily energy requirements
were summed for the full winter, the average decline in total
energy requirement from the 1970s to the 2050s was <1%.
Daily energy requirements were slightly lower in February

506 c© 2012 The Authors. Published by Blackwell Publishing Ltd.
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Figure 3. Mean daily precipitation by site, model, month, and decade. Plots indicate median (central solid line), grand mean (central dashed line),
25th and 75th percentiles (boxes), 10th and 90th percentiles (whiskers), and 5th and 95th percentiles (solid circles).

than other months (Fig. 4 and Table 3; Bonferroni P-value <

0.001). There were several significant interactions between
month and other effects (Table 3); most notably, daily con-
sumption during the month of January declined in the 2050s
relative to the 1970s, and also declined during February in
the 2050s relative to February in the 1970s (Bonferroni P-
values < 0.01). Energy requirements were lower in CCSM3
simulations compared to ECHAM5 simulations, and energy

requirements differed by site, due to slightly lower consump-
tion in Nisqually simulations than in Hamma Hamma or
Skagit models (Fig. 4 and Table 3; Bonferroni P-values ≤
0.001).

Although the climate-driven differences between decades
were statistically significant, the very small decrease in energy
requirements appears to have little actual ecological signif-
icance: according to energy-to-mass conversion factors in

508 c© 2012 The Authors. Published by Blackwell Publishing Ltd.
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Table 3. ANOVA results for comparisons of daily energy consumption by
overwintering bald eagles in Puget Sound, as derived from bioenergetics
model outputs. Main effects were as in Table 2. Statistically significant
factors are in bold. The model explained 33.3% of total variation in the
data (i.e., r2 = 0.333).

Sum of
Source df Squares F-ratio P-value

Decade 1 22,325.7 1266.0 0.001
Month 2 65,090.6 212.6 <0.001
Model 1 51,641.8 100.4 0.010
Site 2 43,650.8 16.233 <0.001
Decade × month 2 10,419.3 145.5 <0.001
Decade × model 1 857.4 18.641 0.050
Decade × site 2 35.271 0.013 0.987
Month × model 2 12,858.8 1128.2 <0.001
Month × site 4 612.2 0.114 0.978
Model × site 2 1029.2 0.383 0.682
Decade × month × model 2 8789.4 271.8 <0.001
Decade × month × site 4 143.2 0.027 0.999
Decade × model × site 2 91.988 0.034 0.966
Month × model × site 4 22.796 0.004 1.000
Decade × month × model

× site
4 64.668 0.012 1.000

Error 324 435,610.6

Stalmaster and Gessaman (1984), a 1% decrease in total con-
sumption amounts to roughly 0.1 to 0.2 fewer salmon car-
casses over the course of a winter in the 2050s compared to
the 1970s.

Carcass decomposition

The literature review (Table 1) generated a positive relation-
ship between temperature and salmonid carcass decompo-
sition rates. A linear regression estimating –k as a function
of temperature (◦C) produced a strong fit (slope = –0.0032,
intercept = –0.0072, r2 = 0.80, P < 0.001, n = 9). We applied
daily climate model temperature estimates from each river
to this relationship in order to estimate and compare salmon
decomposition.

Across all catchments and models, the average rate of de-
composition was generally greater in the 2050s than in the
1970s, resulting in lower availability of carcasses in the 2050s
(Fig. 5). The rate of chum salmon carcass decomposition was
a function of year, the underlying climate model, and to a
lesser extent catchment; on average, total carcass biomass for
the December–February period decreased 12–13% in the Sk-
agit and Hamma Hamma rivers and 11–14% in the Nisqually
River, depending on which regional climate model was used.
Interannual variability increased from mid-January through
the end of February as the incoming supply of fresh carcasses
declined and temperature-driven decomposition became the
main factor driving total carcass biomass. In general, the
ECHAM5 model resulted in greater variability in decom-

position rates and carcass biomass trends than the CCSM3
model (Fig. 5).

Interdecadal differences within individual river catchments
were most apparent when the CCSM3 climate model was used
(Fig. 5b, d, and f). Based on temperatures from that model,
total carcass biomass trends from the 1970s had relatively
little overlap with trends from the 2050s, and differences in-
creased later in the winter. For example, during the month of
February, mean 2050s carcass biomass ranged from 12% to
19% lower than mean 1970s biomass, depending on Julian
day and river (Fig. 5b, d, and f, heavy lines), but this compari-
son was influenced heavily by a single extreme cold year from
the 2050s that resulted in anomalously high carcass biomass.
When that anomalous year was removed, mean 2050s carcass
biomass was 23–37% lower than mean 1970s biomass, de-
pending on Julian day and river. When the ECHAM5 model
was used, carcass biomass was again greater in the 1970s, but
there was somewhat greater interdecadal overlap (Fig. 5a, c,
and e). For example, during February, mean 2050s carcass
biomass was 5–27% lower than mean 1970s biomass, de-
pending on day and river (Fig. 5a, c, and e, heavy lines), but
again there was an anomalously cold year, this time from the
1970s, that influenced the average difference. When that year
was omitted, the mean difference shrank to 0–19%, depend-
ing on the day and river.

Carcass availability varied by river to some extent; the main
difference was that for the standardized chum salmon run,
the Nisqually River typically ended with the lowest available
carcass biomass, regardless of decade and especially when the
CCSM3 model was used (Fig. 5 and Table 4). The Hamma
Hamma River had slightly more carcass biomass than the
Skagit when the ECHAM5 model was used, regardless of
decade, but when the CCSM3 model was used, the Hamma
Hamma and Skagit rivers had very similar biomasses.

Discussion

According to our analysis, the effects of climate change on
overwintering bald eagle bioenergetics in the Puget Sound
region will be outweighed by the effects on bald eagle food
supply. Warmer winters in the 2050s caused a slight decrease
in eagle metabolism, but sharply accelerated decomposition
of salmon carcasses, their main food source. We further ex-
pect reduced food quality; Stalmaster and Gessaman (1984)
observed a steady temporal decline in energy content (kJ·g–1)
of chum salmon carcasses, and the microbial and invertebrate
activity that reduces energy content should increase at higher
temperatures (DeVault et al. 2004). Although precipitation
at our sites was projected to decrease slightly, winter flows
in most Puget Sound rivers are expected to increase due to
higher temperatures, land use changes, and reduced water
storage in mountain snowpack (Elsner et al. 2010; Cuo et al.
2011). Higher flows may reduce carcass availability (Glock
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Figure 4. Mean daily bald eagle energy consumption (± standard deviation), calculated with bioenergetics models and plotted by site, model, month,
and decade.

et al. 1980; Hunt et al. 1992) and visibility (Patterson et al.
2007), and have been correlated with reduced bald eagle for-
aging success in other systems (Brown et al. 1998). Moreover,
bald eagle densities in Washington are expected to continue

increasing (Stinson et al. 2007), which may lower individual
feeding efficiency (Stalmaster and Gessaman 1984).

Because eagle metabolism was insensitive to changes in
climate variables, energy requirements differed only slightly
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Figure 5. Estimated daily chum salmon carcass biomass (dry weight), plotted by site and model. Each line represents total carcass biomass from a
hypothetical run of 40,560 adult chum salmon during the 1970s (blue lines) or 2050s (red lines). Biomass estimates were based on new additions of
fresh carcasses and temperature-mediated daily decomposition of carcasses. Heavy central lines represent mean values by decade.
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Table 4. Estimated mean final carcass biomass (on February 28), in kg
dry weight, for hypothetical chum salmon runs under the 12 combina-
tions of climate conditions (by decade, model, and site). Parenthetical
values are proportions relative to the Hamma Hamma River value within
each model/decade combination.

Model/site 1970s 2050s

ECHAM5
Skagit 17,884 (0.81) 13,069 (0.79)
Hamma Hamma 22,074 (1.00) 16,592 (1.00)
Nisqually 14,548 (0.66) 11,016 (0.66)

CCSM3
Skagit 11,170 (0.92) 9771 (0.94)
Hamma Hamma 12,101 (1.00) 10,352 (1.00)
Nisqually 9881 (0.82) 8089 (0.78)

among the three basins. However, carcass decomposition
rates showed much greater spatial variability. Overwintering
bald eagles congregate around rivers with abundant salmon
carcasses, and frequently relocate to take advantage of stream-
to-stream differences in salmon abundance and run timing
(Hunt et al. 1992; Watson and Pierce 2001). Thus, regional
carrying capacity for overwintering bald eagles likely depends
on chum salmon population sizes, run timings, carcass avail-
ability (related to river flow), and carcass decomposition rates
in each of the major chum salmon rivers. Maintaining diver-
sity in run timing among chum salmon stocks may mitigate
some of the risk of food limitation caused by high flows or
faster decomposition rates.

How climate change will affect chum salmon populations
is unclear. We are unaware of research on how climate af-
fects chum salmon run timing. One study on Japanese chum
salmon suggests that a warming climate will lead to larger run
sizes of smaller bodied adults (Seo et al. 2011), while another
predicts that climate-driven alterations in bioenergetics and
migration routes will cause major declines in Japanese chum
stocks (Kishi et al. 2010). In the northeast Pacific, Mueter et al.
(2005) found a weak positive relationship between chum
salmon survival and sea surface temperatures during their
early marine phase. Chum population sizes in the north-
western United States and British Columbia are negatively
correlated with spring precipitation (Fukuwaka et al. 2011);
however, the ECHAM5 and CCSM3 model projections dis-
agree on future trends for spring precipitation around Puget
Sound (Salathé et al. 2010). Ruggerone and Goetz (2004) hy-
pothesized that climate change will exacerbate competition
among salmon, while Irvine and Fukuwaka (2011) concluded
that salmon are nearing carrying capacity in the North Pacific
due to basin-wide increases in pink (O. gorbuscha) and chum
salmon. The ultimate effects of climate on chum salmon runs
will likely be driven by a combination of global, regional, and
population-specific factors (Fukuwaka et al. 2011).

In addition to unknown climate impacts on chum salmon,
several other sources of uncertainty must be considered when
interpreting our results. Although the bioenergetics model
was quite insensitive to climate change, it assumes uniform
diets (salmon carcasses) and bald eagle demographics (all
birds = 4.5 kg). Both factors are considerably more variable
than assumed and would affect population-level energy re-
quirements. Also, the carcass decomposition rate estimate
was drawn from a number of studies under different con-
ditions. While it is reasonable to assume that a warmer cli-
mate will accelerate carcass decomposition, the actual rate
will vary as a function of not only temperature but also
carcass size, exposure to water and sunlight, microbial ac-
tivity, and feeding by other scavengers (Chaloner et al. 2002;
Fenoglio et al. 2010). Finally, climate change projections in-
corporate multiple sources of uncertainty, including the fu-
ture emissions of greenhouse gases, the sensitivity of global
climate models to greenhouse gas forcing, and the regional
response to global climate change as represented by the
downscaling method (Mote and Salathé 2010). For exam-
ple, Mote and Salathé (2010) examined low-emission and
high-emission projections from an ensemble of 21 global
climate models, and used statistical downscaling methods
to derive finer scale climate projections for the northwest-
ern continental United States. Temperature changes are fairly
consistent among models, with low-emissions scenarios pro-
ducing delayed warming compared to high-emissions sce-
narios. Projected changes in annual precipitation, however,
varied widely among emissions scenarios and across climate
models, with uncertainties comparable to the range of natu-
ral variability. Moreover, the process of developing regional
climate change models (Salathé et al. 2010), from which we
derived the site-specific climate estimates used in this study, is
much more computationally expensive than statistical down-
scaling. Thus, we have only considered two climate scenarios
here, which cannot account for variability across models to
the extent that a larger ensemble would allow. Nevertheless,
the scenarios we have used in this study are illustrative of
the likely sensitivity of bald eagle bioenergetics to climate
change.

Potential impacts on communities

Hunt et al. (1992) found that as salmon carcasses became less
available in the Skagit River, overwintering eagles moved to
shoreline areas along Puget Sound and the Strait of Geor-
gia, where their prey was primarily birds and marine fishes.
Using satellite tags, Watson and Pierce (2001) showed that
overwintering eagles in the Skagit River area also spent parts
of the winter east of the Cascade Mountains, north into parts
of British Columbia and Alberta, and south into Oregon and
California. Thus, a climate-related decline in salmon carcass
availability could have measurable impacts on other systems
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if eagles relocate earlier or more often in search of winter
forage. Relocation to new foraging sites or a transition to
avian prey would involve an increase in active flying, which
is a considerable energetic expense that can markedly in-
crease total feeding requirements (Stalmaster and Gessaman
1984).

How climate change will affect the ecological role of large
scavenger/predators is uncertain, due to the underlying com-
plexity of the communities they inhabit (DeVault et al. 2003;
Wilmers and Post 2006; Wilson and Wolkovich 2011). Un-
derstanding the relationship between bald eagles, salmon car-
casses, and other food sources is important, given the central
role salmon carcasses play in aquatic and terrestrial ecosys-
tems proximate to spawning grounds (Gende et al. 2002),
and the ability of eagles to disrupt prey populations such as
seabirds (Parrish et al. 2001; White et al. 2006). If overwin-
tering bald eagles respond to reduced carcass availability by
switching prey and/or foraging habitat, then they will likely
rely on a prey base that is broader (geographically, taxonom-
ically, or both) than at present. This may result in greater
predation on overwintering waterfowl, scavenging of upland
carrion, and displacement of other scavengers and predators.
Thus, regional climate-mediated dynamics between overwin-
tering bald eagles and Puget Sound salmon populations may
ultimately affect the functioning of other ecosystems that bald
eagles exploit.

Our findings are grounded in predictive physiological and
climate models, and are best viewed as hypotheses about likely
relationships between bald eagles, climate, and winter food
resources. Validation of our work will require monitoring or
focused empirical study. Valuable insights could be gained
through well-conceived study designs that simultaneously
measure multiple variables (e.g., temperature, flow, salmon
run sizes, carcass deposition, and decomposition rates) along
with tracking of eagle behavior (residence time near rivers,
tracking of relocation to alternate foraging areas, monitoring
of prey selection), particularly in winters with contrasting
weather conditions (e.g., El Niño vs. La Niña years). Such
work would be especially effective if the ecology of other
carcass decomposers and scavengers, ranging from microbes
and invertebrates to terrestrial mammals, was also considered
so that the scope of impact could be evaluated at a community
scale.
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funds from the National Science Foundation (ATM0709856).
M. Stalmaster provided helpful guidance on bioenergetics
modeling. Comments from T. Good, S. Pearson, N. Tolim-
ieri, and P. Levin greatly improved earlier drafts of this
manuscript. B. Feist created Figure 1.

References

Anthony, R. G., J. A. Estes, M. A. Ricca, A. K. Miles, and E. D.

Forsman. 2008. Bald eagles and sea otters in the Aleutian

Archipelago: indirect effects of trophic cascades. Ecology

89:2725–2735.

Brown, B. T., L. E. Stevens, and T. A. Yates. 1998. Influences of

fluctuating river flows on bald eagle foraging behavior. Condor

100:745–748.

Chaloner, D. T., M. S. Wipfli, and J. P. Caouette. 2002. Mass loss

and macroinvertebrate colonisation of Pacific salmon carcasses

in south-eastern Alaskan streams. Freshwater Biol. 47:263–273.

Cuo, L., T. K. Beyene, N. Voisin, F. Su, D. P. Lettenmaier, M.

Alberti, and J. E. Richey. 2011. Effects of mid-twenty-first

century climate and land cover change on the hydrology of the

Puget Sound basin, Washington. Hydrol. Process.

25:1729–1753.

DeVault, T. L., I. L. Brisbin Jr, and O. E. Rhodes Jr. 2004. Factors

influencing the acquisition of rodent carrion by vertebrate

scavengers and decomposers. Can. J. Zool. 82:502–509.

DeVault, T. L., O. E. Rhodes Jr, and J. A. Shivak. 2003. Scavenging

by vertebrates: behavioral, ecological, and evolutionary

perspectives on an important energy transfer pathway in

terrestrial ecosystems. Oikos 102:225–234.

Dunwiddie, P. W., and R. C. Kuntz. 2001. Long-term trends of

bald eagles in winter on the Skagit River, Washington. J. Wildl.

Manage. 65:290–299.

Elsner, M. M., L. Cuo, N. Voisin, J. S. Deems, A. F. Hamlet, J. A.

Vano, K. E. B. Mickelson, S.-Y. Lee, and D. P. Lettenmaier.

2010. Implications of 21st century climate change for the

hydrology of Washington State. Climatic Change 102:225–260.

Fenoglio, S, T. Bo, M. Cammarata, G. Malacarne, and G. Del

Frate. 2010. Contribution of macro- and micro-consumers to

the decomposition of fish carcasses in low-order streams: an

experimental study. Hydrobiologia 637:219–228.

Fenoglio, S, T. Bo, P. Agosta, and M. Cucco. 2005. Mass loss and

macroinvertebrate colonisation of fish carcasses in riffles and

pools of a NW Italian stream. Hydrobiologia 532:111–122.

Fukuwaka, M, T. Kaga, and T. Azumaya. 2011. Regional

differences in climate factors controlling chum and pink

salmon abundance. ICES J. Mar. Sci. 68:1131–1137.

Gende, S. M., R. T. Edwards, M. F. Willson, and W. S. Wipfli.

2002. Pacific salmon in aquatic and terrestrial ecosystems.

BioScience 52:917–928.

Glock, J. W., G. Hartman, and L. Conquest. 1980. Skagit River

chum salmon carcass drift study. Seattle City Light

Department, Seattle, WA. pp. 48.

Hayward, J. L., J. G. Galusha, and S. M. Henson. 2010. Foraging

related activity of bald eagles at a Washington seabird colony

and seal rookery. J. Raptor Res. 44:19–29.

Hudgens, B. R., T. J. Coonan, K. R. Faulkner, and D. K. Garcelon.

2011. Ghost prey and missing conflicts: reinterpreting the

implications of bald eagle diet composition on the California

Channel Islands. Proc. Natl. Acad. Sci. USA. 108:E25.

c© 2012 The Authors. Published by Blackwell Publishing Ltd. 513



Climate Change Impacts on Eagles C. J. Harvey et al.

Hunt, W. G., B. S. Johnson, and R. E. Jackman. 1992.

Carrying-capacity for bald eagles wintering along a

northwestern river. J. Raptor Res. 26:49–60.

Irvine, J. R., and M. Fukuwaka. 2011. Pacific salmon abundance

trends and climate change. ICES J. Mar. Sci. 68:1122–1130.

Kishi, M. J., M. Kaeriyama, H. Ueno, and Y. Kamezawa. 2010.

The effect of climate change on the growth of Japanese chum

salmon (Oncorhynchus keta) using a bioenergetics model

coupled with a three-dimensional lower trophic ecosystem

model (NEMURO). Deep-Sea Res. Pt. II: Top. Stud. Oceanogr.

57:1257–1265.

Leung, L. R., Y. H. Kuo, and J. Tribbia. 2006. Research needs and

directions of regional climate modeling using WRF and

CCSM. Bulletin of the American Meteorological Society

87:1747–1751.

Marsland, S. J., H. Haak, J. H. Jungclaus, M. Latif, and F. Röske.

2003. The Max-Planck Institute global ocean/sea ice model

with orthogonal curvilinear coordinates. Ocean Modelling

5:91–127.

Minshall, G. W., E. Hitchcock, and J. R. Barnes. 1991.

Decomposition of rainbow trout (Oncorhynchus mykiss)

carcasses in a forest stream ecosystem inhabited only by

nonanadromous fish populations. Can. J. Fish. Aquat. Sci.

48:191–195.
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